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that the 3.0 m wide barrier left by roadway excavation was 
too narrow to withhold the karst water pressure of about 
4.0 MPa.

Keywords  Mining engineering · Hydro-mechanical 
coupling · Strength reduction method · Factor of safety

Introduction

There have been thousands of casualties in groundwater-
related coalmine accidents in China since 2000 (Wang 
et al. 2010; Wu et al. 2004; Wu and Wang 2006; Zhang 
2005). Geological settings and hydrogeological condi-
tions of the coalfields are very complicated in southern 
China, where the main minable coal layer lies in the late 
Permian Longtan Formation, and a karstic limestone 
aquifer lies below, in the late Permian Maokou Formation 
(Dai et al. 2005; He et al. 2011, 2012; Miao et al. 2009; 
Sun et  al. 2012). Due to the inhomogeneity of caves in 
the Maokou limestone strata, developmental roadways 
can often be safely constructed in the Maokou limestone, 
but if water-bearing caves are encountered, karst water 
may burst through catastrophically, such as the “12.12” 
accident in 2004 (36 dead), the “9.28” accident in 2010, 
the “4·16” accident in 2013 (17 dead), and the “6.15” 
accident in 2014 (9 dead).

A number of empirical criteria and analytical mod-
els have been proposed for the analysis and predication of 
water inrush from underlying confined aquifers, including 
the: water inrush index; hypothesis of three zones in floor 
strata; plate model; and key strata model (Xiao et al. 1991; 
Miao et al. 2011; Shi and Singh 2001; Wang and Park 2003; 
Zhang 2005). These theoretical investigations have been 
actively used in evaluating the risk of water inrush hazards. 

Abstract  Water-bearing caves in the Maokou limestone 
have caused disastrous water inrushes in mines in southern 
China. A linkage analysis between the hydro-mechanical 
coupling and the strength reduction method was used to 
investigate the stability of water-resistant rock pillars. The 
factor of safety (FOS) of the pillar was established, and 
a criterion for establishing the required width of the pil-
lar was proposed in engineering practice, i.e., the width 
of the pillar should be based on the blast hole depth and 
blast-disturbance depth, along with a FOS of 1.5. The per-
meability of the water-resistant pillar and the probability of 
water inrush both increase as the strength reduction factor 
increases because the effective width of the pillar narrows. 
A numerical analysis of the Qiyi coal mine “4·16” water 
inrush accident shows that the cause of the inrush was 
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For a better understanding of water inrush mechanism and 
process, numerous numerical simulations of water inrush 
associated with mining process have also been performed 
(Guo et  al. 2009; Jing 2003; Lu and Wang 2015; Zhang 
et al. 2009; Zhu et al. 2013). For example, Guo et al. (2009) 
proposed a coupled double porosity FEM code called 
COSFLOW to predict water inflows. Zhu et al. (2013) pre-
sented a coupled numerical model to analyze pore pressure 
changes during mining. Lu and Wang (2015) presented a 
micromechanics-based coupled damage and flow modeling 
approach to simulate progressive development of fractures 
and the associated water inrush in the floor strata during 
mining above a confined aquifer. These numerical investi-
gations have shown that permeability coefficient enhance-
ment induced by mining is the key mechanism promoting 
water inrushes. However, these models did not address the 
safety requirements of water-resistant rock pillars.

The strength reduction method (SRM), which is based 
on numerical methods, has been widely applied in slope 
stability analyses, such as in the studies of Cheng et  al. 
(2007); Dawson et  al. (1999); Griffiths and Lane (1999); 
Lin et al. (2010) and Zienkiewicz et al. (1975). In the SRM, 
the factor of safety (FOS) is defined as the ratio between the 
actual shear strength and the reduced shear strength at fail-
ure. The effective material strength parameters are reduced 
until the slope fails, and the corresponding strength reduc-
tion factor (SRF) is the FOS of the slope. Some attempts 
have been made to apply the SRM beyond slope engineer-
ing to the stability of other engineering structures, such as 
in mining engineering and tunnel engineering (Yang and 
Huang 2009; Yu and Liu 2015; Zhao et al. 2010). However, 
there has been no reasonable and reliable criterion to assess 
the FOS of a water-resistant rock pillar based on the SRM.

The rock between the excavation and a water-bearing cave 
acts as a geological barrier that prevents karst water from 
entering the roadway. The effectiveness of the geological 
barrier depends on its width, lithology, and integrity. Water 
inrush is likely to occur when the barrier is too thin and/or 
fractured to withhold the pressure of karst water. The sta-
bility of a water-resistant rock pillar and its safe width is of 
great significance for controlling karst water inrush in mine. 
In this paper, a linkage analysis method (HM-SRM) between 
the hydro-mechanical coupling (HM) and the strength reduc-
tion method (SRM), is proposed to study the stability of the 
water-resistant rock pillar. A FOS for the rock pillar is estab-
lished, and a practical engineering criterion is proposed for 
establishing the pillar width.

Principles of Linkage Analysis between HM 
and SRM (HM‑SRM)

When water-bearing karst features are near a constructed 
void space, the stress in the surrounding rock, especially in 

the pillar, will change remarkably, due to the disturbance 
stress induced by the excavated opening and the water 
pressure.

Governing Equations of Hydro‑mechanical Coupling 
(HM)

As for the coupling analysis, a coupled hydro-mechanical 
model was incorporated into the FLAC3D code. The coupling 
formulation model was based on the following basic assump-
tions, as summarized from general observations (Cundall 
2001; Tang 1997; Yang et al. 2004):

1.	 The rock mass is fully saturated.
2.	 The fluid flow conforms to the Biot consolidation the-

ory.
3.	 The permeability coefficient varies as a function of 

the stress state in the elastic deformation stage and 
increases dramatically when the element is in a plastic 
yielding state (Tang 1997; Yang et al. 2004).

There are three basic equations of the proposed HM 
model:

1.	 Seepage equation (Itasca Consulting Group Inc 2002)

The fluid transport is described by Darcy’s law, given in 
the form:

where qi is the specific discharge vector, kil(Θ, p) is the per-
meability coefficient of the rock mass, which is dependent 
on the stress state and pore pressure, p is water pressure, ρw 
is water density, and gi, i = 1, 2, 3 are the three components 
of the gravity vector.

The fluid mass balance may be expressed as

where qv is the volumetric fluid source intensity in, and ζ 
represents changes in the fluid content. The response equa-
tion for the pore fluid in saturated rock masses is formu-
lated as

where M is the Biot module, α is Biot coefficient,  εv is the 
mechanical volumetric strain, and t is fluid flow time.

2.	 Mechanical equations (Itasca Consulting Group Inc 
2002)

(1)qi = −kil(Θ, p)
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Balance equation:

where σij is the total stress in the ij-plane, and fi is the body 
force.

Compatibility equation:

where εij is the strain, ui,j is the displacement in the ith 
direction, and uj,i is the displacement in the jth direction.

The constitutive response for rock mass in hydro-
mechanical coupling follows the form:

where σij is the co-rotational stress rate, H is the function 
form of constitutive law, δij is the Kronecker delta, and ξij is 
the strain rate (Itasca Consulting Group Inc 2002).

The Mohr–Coulomb Criterion was used to define the 
yield criterion, in which the shear failure criteria is:

and the ensile failure criterion is:

where �′

1
 is the first effective principal stress, �′

3
 is the 

third effective principal stress, � is the friction angle of 
the rock mass, c is cohesion, and �t is tensile strength.

3.	 Permeability coefficient equation

In the HM model, the rock permeability coefficient 
is decreased or increased as stress changes. The stress-
dependent permeability coefficient can be represented as 
(Li et al. 2011; Yang et al. 2007):

where k0 is the permeability coefficient at zero effective 
stress state i.e. Θ/3 − ηp = 0, Θ = �1 + �2 + �3 is the volu-
metric stress, λ and η are fitting parameters, respectively, 
� is the adjustment coefficient for the plastic yielding ele-
ment, and λ, η and �can be determined by permeability 
tests on rock specimens in a complete stress–strain process.

In coupling analysis for a rock element in the elastic 
state, the permeability coefficient is assumed to be a nega-
tive exponential function of the volumetric stress (David 
et al. 2001; Louis 1974). The � = 1.0 in Eq. (9) and λ as a 
fitting parameter can be obtained from permeability tests. 
The permeability coefficient is greatly enhanced when 
a rock element is in a plastic yielding state, and � can be 

(4)�ij,j + fi = 0 (i, j = 1, 2, 3),

(5)�ij =
1

2

(

ui,j + uj,i
)

,

(6)�ij + �
�p

�t
�ij = H

(

�ij, �ij
)

,

(7)f s = ��

1
− ��

3

1 + sin�

1 − sin�
+ 2c

√

1 + sin�

1 − sin�
,

(8)f t = �t − ��
3
= 0,

(9)kil(Θ, p) = �k0e
−�(Θ∕3−�p),

determined by permeability tests on rocks in a complete 
stress–strain process (Li et al. 1994; Yang et al. 2007).

According to Eq.  (9), the permeability coefficient of 
each element can be grasped by using the FLAC3D pro-
gramming language (Itasca Consulting Group Inc 2002), 
and by modifying the permeability coefficient in the seep-
age constitutive model [Eqs. (1) and (3)] in FLAC3D. When 
elastic–plastic analysis indicates non-convergence, the 
water-resistant pillar is unstable and a water inrush is likely.

It should be noted that the permeability coefficient used 
in FLAC3D is different from the conventional permeability 
coefficient. The conversion between them is as follows:

where kil (Θ, p), as shown in Eqs. (1) and (9), is the perme-
ability coefficient used in FLAC3D, m2/(Pa s) in SI units, kc 
(Θ, p) is the conventional permeability coefficient, m/s in 
SI units, and g is the gravitational acceleration. To simplify 
the calculation, the permeability coefficient mentioned 
below has been converted to a conventional permeability 
coefficient.

Starting from a state of mechanical equilibrium, a 
coupled hydro-mechanical static simulation in FLAC3D 
involves a series of steps. Each step includes one or more 
flow steps (flow loop) followed by enough mechanical steps 
(mechanical loop) to maintain a quasi-static equilibrium.

Strength Reduction Method (SRM)

The strength reduction principle is that when actual shear 
strength parameters: cohesion, c, and friction angle, φ, of 
the water-resistant rock pillar are divided by the SRF, a new 
group of shear strength parameters c’ and φ’ are obtained, 
which serve as new calculated parameters (Matsui and San 
1992).

As the SRF increases, the corresponding calculated 
parameters c′ and φ′ are gradually decreased until numeri-
cal non-convergence occurs. At that time, the SRF is the 
FOS of the water-resistant pillar. The convergence criterion 
in FLAC3D is the nodal unbalanced force ratio, R, required 
to bring the model to a state of equilibrium, which was set 
to 1 × 10−5 (per Itasca Consulting Group Inc 2002).

Analysis Procedures of the HM‑SRM Method

In the proposed HM-SRM method, the occurrence of water 
inrush is linked with the non-convergence of the mechanical 

(10)kc(Θ, p) = kil(Θ, p)�wg = 9.8 × 103kil(Θ, p),

(11)c� =
c

Fi

,

(12)�� = arctan(tan�∕Fi).
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calculation, and the seepage characteristics are closely related 
to the stress state and plastic failure zone. The steps for imple-
menting HM-SRM method in FLAC3D are as follows:

Step 1: Build the calculated model according to geome-
try, mechanical, and seepage properties of the rock masses, 
karst water pressure, and boundary conditions; Step 2: 
Carry out the hydro-mechanical coupling analysis using the 
Mohr–Coulomb yield criterion, and modify the permeabil-
ity coefficient of each element according to Eq. (9) to deter-
mine the stress and seepage fields; Step 3: Check whether 
the numerical calculation is convergent or not; Step 4: If 
the numerical calculation is convergent, the reduced c’ and 
φ’ are adopted in hydro-mechanical coupling analysis to 
determine the new stress and seepage fields [Eqs. (11) and 
(12)]; Step 5: Repeat steps 2–4, and a new SRF is generated 
until numerical non-convergence occurs; Step 6: The FOS 
of a given water-resistant rock pillar is equal to the SRF at 
which numerical non-convergence occurs.

The flow chart for implementing the HM-SRM method 
is provided as a supplemental file (Appendix  1), which 
accompanies the on-line version of this paper.

Case Analysis

Water Inrush Accident

The HM-SRM method was used to evaluate the safety mar-
gin of the water-resistant pillar and the process of karst 
water inrush in the Qiyi coal mine, in Hunan province, in 
southern China. The geologic profile comprises Quater-
nary, Cretaceous, and Permian strata (Fig. 1). The Permian 
System is divided into three formations, the: Changxin For-
mation (p1c), with an average thickness of 200 m; Langtan 
Formation (p1l), with an average thickness of 27.4 m; and 
Maokou Formation (p1m), which is about 300 m in thick-
ness. The p1c Formation is composed dominantly of dark 
and medium gray layers of bituminous limestone and mud-
stone. The p1c Formation is the major coal-bearing forma-
tion and consists of sandstone, mudstone, and the #2 coal 
seam, with an average thickness of 3.75 m. The P1m For-
mation consists mainly of grayish-white thick-layered cal-
careous limestone. Caves, grikes, and erosion cracks are 
developed in the p1c and p1m Formations.

The heading face at the −160  m level in the No. 23 
mining area was located in the Maokou limestone strata. 
On 16 April 2013, 17 people died when a huge water 
inrush occurred at the heading face. At 8 am, karst water 
burst suddenly through the face, approximately 1  h after 
the blasting and the mucking process. The initial inflow 
was estimated at 3,670  m3/h. After about 2  h, the water 
level had risen by as much as 2.5  m, and about 2  km of 

the roadway was flooded. About 22, 500 m3 water in total 
burst out within nearly 11  h. A cave with a volume of 
about 20 m × 6 m × 20 m was exposed about 3 m in front 
of the heading face after the damage was cleared. The geo-
logical survey indicated that there were major fractures 
and well-developed caves around the roadway where the 
water inrush took place. The depth of the roadway excava-
tion was about 430  m, the hydrostatic pressure head was 
about 400 m, and the water pressure in the cave was about 
4.0  MPa. A spot investigation found that the surrounding 
rock was largely dissolved, and the water could have been 
supplied by karst pathways.

Determination of Mechanical and Hydraulic Properties

To obtain the mechanical and hydraulic properties of the 
fractured Maokou limestone for the numerical model, a 
series of laboratory tests were performed on fractured lime-
stone specimens from the surrounding rock at the water 
inrush location. For more detail on these tests, see “Appen-
dix 2” in the online version of this paper. Based on these 
experimental data, the parameters related to the mechani-
cal and hydraulic properties of the fractured limestone are 
listed in Table  1. Based on the permeability tests in the 
complete stress–strain process, the parameter λ in Eq.  (9) 
was set to 0.6, the k0 of 7.84 × 10− 10 m/s was converted to 
a conventional permeability coefficient, and λ was 0.0822. 
The adjustment coefficient�for the plastic yielding elements 
is 105 (Zhao et al. 2017).
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Fig. 1   The geologic profile: (1) Quaternary strata, (2) Cretaceous 
strata, (3) Limestone 10#, (4) Mudstone, (5) Limestone 11#, (6) Mud-
stone, (7) Coal seam, (8) Sandstone, and (9) Limestone #12
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Calculation Model

The numerical model was established based on the in situ 
conditions at the Qiyi Coal Mine. The simulation domain 
was 50  m in length, 20  m in width, and 30  m in depth 
(Fig.  2a), and the excavated roadway had a semi-circular 
arched cross-Sect.  (2.5  m in width and 3.2  m in height), 
which was situated in the middle of the model (Fig.  2b). 
The water-bearing cave is on the right edge of the model, 
and was simplified as an ellipsoidal shape with a long axis 
of 20.0 m and a short axis of 6.0 m.

The four boundaries, except for the bottom and top 
boundaries, were allowed to move vertically but were hori-
zontally restrained. The bottom of the model was fixed 
in terms of depth. At the top of the model, a vertical load 
(σ1 = 10  MPa) was applied to simulate the overburden 
weight. The boundary condition of the seepage field was 
as follows: the karst water pressure was assumed to be 1.0, 
2.0, 3.0, 4.0, and 5.0  MPa, respectively, to simulate vari-
ous artesian pressures. The numbers 1 through 5 in Fig. 2a 
simulates steps in the excavation, with every step in the 
numerical simulation set at 5.0 m if the width of the water-
resistant pillar between the excavated opening and the cave 
was larger than 10.0  m, and at 2.5  m if the width of the 
water-resistant rock pillar was less than 10.0 m, so that the 
stability of the water-resistant rock pillar could be studied 
with different width values.

For the convenience of the research, an example was set 
up with the HM-SRM method used to investigate the stabil-
ity of an 8.0 m wide water-resistant pillar subjected to an 
assumed karst water pressure of 4.0 MPa.

Mechanical Analysis of Rock Pillars with Various SRFs

Figures  3, 4 and 5 represent the vertical stress distribu-
tion in a water-resistant pillar with SRFs of 1.10, 1.54, and 
1.59. During the excavation stage, mechanical changes 
develop in the water-resistant pillar due to stress redistribu-
tion around the newly excavated opening and the hydraulic 
pressure gradient applied onto the pillar.

When the SRF was 1.10, the vertical stress was con-
centrated and formed a pressurized area in the rock 
between the excavated area and the cave (Fig.  3a). The 
plastic zone was mostly distributed near the excavation 

and the cave (Fig. 3b). The vertical stress distribution in 
the plastic zone gradually rose from the excavated area 
or the cave towards the interface of the plastic and elas-
tic zones. In the elastic zone, the vertical stress gradually 
decreased from the peak stress on the interface of the 
elastic and plastic zones to the original rock stress. The 
width of the plastic zone extended about 2.0 and 1.1  m 
into the rock pillar from the excavation and cave, respec-
tively, and the width of the elastic zone was about 4.9 m 
at an SRF of 1.10. With an increased SRF, the average 
vertical stress shrinks, the range of the plastic zone is 
broadened, and the pressurized zone moves toward the 
middle of the rock pillar. For example, when SRF = 1.54, 
the average vertical stress was 72.5% of what it was at 
SRF = 1.10 (Fig. 4a), the plastic zone broadened, and the 
elastic zone narrowed to a band =0 m in width (Fig. 4b). 

Table 1   Parameters related to mechanical and hydraulic properties of the fractured limestone

Density (g/cm3) Elastic modulus 
(GPa)

UCS (MPa) Tensile strength 
(MPa)

Poisson’s ratio Friction angle 
(o)

Cohesion 
(MPa)

Initial per-
meability 
coefficient 
(10−10m/s)

Porosity

2.51 10.6 20.8 1.81 0.232 29.5 1.50 4.20 0.162

Maokou limestone

1 211111
3

54 P

Overburden strata loading 10.0 MPa

p

50 m
15 m

30
m

X
Y

Z

(a)

Water-resistant rock pillar

0.9
 m

2.5 m

2.3
 m

(b)

Fig. 2   Numerical analysis model of karst water inrush: a loading and 
boundary conditions; b the size of the heading face
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When SRF = 1.59, most of the water-resistant pillar was 
in a plastic state, with a numerical non-convergence 
(Fig. 5b). Since the calculated result failed to converge to 
a steady value at SRF = 1.59, at calculation step N = 6,000 
for example, the vertical stress distributed in the pillar is 

mostly in a range from −2.0 MPa to −6.0 MPa; local ten-
sile stress occurs near the excavated opening at calcula-
tion step N = 6000 (Fig. 5a). The plastic zone in the pillar 
nonlinearly increased as the SRF increased (Fig. 6). For 
example, the proportion increased from 38.2 to 77.6% as 

Fig. 3   a Vertical stress distri-
bution, and b plastic zone in a 
water-resistant rock pillar at a 
SRF of 1.10. The E side is the 
excavated opening, and the C 
side is the water-bearing cave

(a)

(b)

Contour of SYY
 Magfac =  0.000e+000
 Gradient Calculation
 Effective stresses

-1.7787e+007 to -1.7000e+007
-1.6000e+007 to -1.5000e+007
-1.4000e+007 to -1.3000e+007
-1.2000e+007 to -1.1000e+007
-1.0000e+007 to -9.0000e+006
-8.0000e+006 to -7.0000e+006
-6.0000e+006 to -5.0000e+006
-4.0000e+006 to -3.0000e+006
-2.0000e+006 to -1.0000e+006
 0.0000e+000 to  1.0000e+006
 1.0000e+006 to  1.0000e+006

  Interval =  1.0e+006 0 1 2 3 4 5 6 7 8

CE

Block State
None
shear-n shear-p tension-p
shear-p
shear-p tension-p
tension-n shear-p tension-p CE

Fig. 4   a Vertical stress distri-
bution, and b plastic zone in a 
water-resistant rock pillar at a 
SRF of 1.54. The E side is the 
excavated opening, and the C 
side is the water-bearing cave
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the SRF increased from 1.10 to 1.54. At an SRF of 1.59, 
almost the entire rock pillar was in a plastic state, which 
means the pillar was unstable. So the FOS of the water-
resistant rock pillar was 1.59 at a pillar width of 8 m and 
a karst cave water pressure of 4.0 MPa. It should be noted 
that although numerical non-convergence occurs as the 
pillar loses stability, the other zones in the calculation 
model remain stable.

In fact, the effective width of the pillar is the width of 
its elastic zone, which is far less than its physical width, 
because the plastic zone is ineffective in preventing karst 
water inrush. As the SRF increases, the elastic zone in the 
rock pillar narrows, while the plastic zone broadens, which 
means that the effective width of the water-resistant pillar 
decreases and the probability of water inrush increases. The 
discharge in the excavated opening increases in conform-
ity with the development of the plastic zone in the pillar. 
Both increase gradually at SRFs of 1.10–1.50, but increase 
sharply at SRFs above 1.50, synchronously, until numerical 
non-convergence occurs at an SRF of 1.59 (Fig. 6).

Permeability of the Water‑resistant Rock Pillar 
with Various SRFs

The permeability of the water-resistant pillar depends 
on volumetric stress, water pressure, and the extent of 
the plastic zone, and changes significantly with the SRF. 
Figure  7a plots the permeability of the rock pillar at an 
SRF of 1.10. There is: an excavation-induced enhanced 

permeability zone, about 1.8 m wide, ahead of the exca-
vated opening, in which the permeability ranges from 
0.82 × 10−8 to 9.72 × 10−8 m/s; an approximately con-
stant permeability zone about 5.4  m in width, where 
the permeability is less than 1.0 × 10−10 m/s; and a sec-
ond enhanced permeability zone about 1.1  m in width, 
near the cave, where the permeability ranges from about 
3.24 × 10−8 to 9.72 × 10−8 m/s. These three zones corre-
spond approximately to the plastic zone near the exca-
vated opening, the elastic zone, and the plastic zone near 
the cave, respectively.

Fig. 5   a Vertical stress distri-
bution, and b plastic zone in a 
water-resistant rock pillar at a 
SRF of 1.59. The E side is the 
excavated opening, and the C 
side is the water-bearing cave
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The average permeability at a SRF of 1.54 is increased 
by nearly an order of magnitude (Fig. 7b), which is mainly 
due to the extension of the plastic zone and decreased volu-
metric stress. The excavation-induced permeability zone is 
about 4.5 to 5.0 m wide, where the permeability is between 
1.0 × 10−7 and 1.0 × 10−6 m/s. The approximately constant 
permeability zone is about 1.0 m wide, with a permeability 
below 5.0 × 10−8 m/s. The enhanced permeability zone near 
the cave is about 2.0 m wide, with a permeability ranging 
from 2.0 × 10−7 to 9.0 × 10−7 m/s.

Once the SRF reaches 1.59, numerical non-convergence 
occurs, which indicates that the pillar loses its stability. 
The average permeability at a SRF of 1.59 is 5 to 6 times 
greater than that at a SRF of 1.54. The permeability of the 
pillar at calculation step N = 6000 is plotted in Fig. 7c; one 
can see that the three permeability zones have disappeared.

Figure  8 shows the steady seepage field distribution, 
which indicates that a relatively high average hydraulic 

pressure gradient of 0.5  MPa/m is intensively distributed 
in the pillar. The volumetric stress is applied horizontally 
to the pillar by the hydraulic pressure gradient, which is a 
more critical force with respect to water-inrush than min-
ing-induced stress.

Criterion for Establishing the Width 
of the Water‑resistant Rock Pillar

Based on the HM-SRM method, the FOS values of the 
water-resistant pillar can be determined at the various karst 
water pressures and pillar widths. Figure 9 illustrates how 
FOS varies with karst water pressure and the pillar width, 
following the exponential function:

(13)FOS = a + b exp(cW),

Fig. 7   Permeability distribution 
of water-resistant rock pillar 
at SRFs of a 1.10, b 1.54, and 
c 1.59. The E side is the exca-
vated opening, and the C side is 
the water-bearing cave
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where W is the width of the water-resistant rock pillar, and 
a, b, and c are fitting coefficients. The fitting functions at 
various karst water pressures and pillar widths are listed in 
Fig. 9. Since the discharge and plastic zone both increase 
sharply when the SRF is above 1.5 (Fig. 6), a FOS of 1.5 is 
considered to be a critical value in the HM-SRM method to 
determine a reasonable pillar width. A proposed criterion 

for the theoretical setting width of the water-resistant rock 
pillar can be obtained by:

where WT is the theoretical width of the water-resistant pil-
lar and W1.5 is the width of the pillar at an FOS of 1.5.

The theoretically required width of water-resistant 
rock, WT, at various water pressures, is illustrated in 
Table 2. At karst water pressures of 1.0, 3.0, and 5.0 MPa, 
the theoretically required width is 5.18, 6.89, and 9.32 m, 
respectively. This is because that as the karst water pres-
sure increases, the seepage volumetric stress induced by 
the hydraulic pressure gradient in the pillar increases, 
which directly enhances lateral thrust along the direction 
of the excavated opening, so the width of water-resistant 
rock should be broadened, accordingly.

The drill-blast excavation inevitably disturbs the 
original strata. Blast-disturbance depth can extend from 
0.1  m to as much as 1.5  m into the water-resistant pil-
lar, increasing permeability by two or three orders of 
magnitude (Tsang 2005). So, in practice, the width of 

(14)WT ≥ W1.5,

Fig. 8   Steady seepage field 
distribution
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Table 2   The required width of water-resistant rock at various karst 
water pressures

Karst water 
pressure (MPa)

WT (m) Blast hole 
depth h1 (m)

Blast-distur-
bance depth h2 
(m)

WS (m)

1.0 5.18 2.5 1.5 9.18
2.0 5.73 2.5 1.5 9.73
3.0 6.89 2.5 1.5 10.89
4.0 7.98 2.5 1.5 11.98
5.0 9.32 2.5 1.5 13.32

W
S

h2h1

Excavated 

opening

W
T

Karst cave

Fig. 10   Schematic diagram of the required width of the water-resist-
ant rock pillar WS
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Fig. 11   The instability evolu-
tion of the water-resistant rock 
pillar with a width of 3.0 m at 
a N = 2000 steps, b N = 4000 
steps, and c N = 6000 steps. E 
side is excavated opening, and C 
side is water-bearing karst cave
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water-resistant pillar, WS, should be the sum of the the-
oretically required width (WT,), the blast hole depth h1, 
and the blast-disturbance depth h2, as shown in Fig. 10.

The required width of the water-resistant pillar calcu-
lated from Eq. (15) at various water pressures is listed in 
Table  2, in which h1 and h2 were set to 2.5 and 1.5  m, 
respectively, according to practice in the Qiyi coal mine. 
Table 2 indicates that a reasonable pillar width should be 
about 10–14 m, for karst water pressures of about 1.0 to 
5.0 MPa, given the geological conditions of the Qiyi coal 
mine.

Evolution of Rock Pillar Instability

The investigation of the “4·16” accident suggested that a 
water-bearing cave with a volume of 20  m × 6  m × 20  m 
was about 3 m from the heading face, i.e. the width of the 
water-resistant rock pillar was about 3 m. Making matters 
worse, the cave was very likely hydrologically connected to 
the surface, so that the water pressure in the cave was about 
4.0  MPa. Based on Table  2, the rock pillar should have 
been 11 to 12 m wide.

Figure  11a–c show how the instability evolved once 
the pillar width was set at 3.0 m. As calculation steps, N, 
increase, the shear strain increment, which is an indica-
tion of the shear fail faces, was highly concentrated on the 
interfaces between the water-resistant pillar, the roof, and 
the floor. The calculation result did not converge to a steady 
value, the model failed to equilibrate, and the maximum 
shear strain increment rapidly increased (Fig. 12). The cal-
culated Z-direction displacement of the excavated opening 
increased exponentially from 0.12 m at N = 2000, to 0.38 m 
at N = 4000, up to nearly 2.0  m when N = 6000. Both the 

(15)WS = WT + h1 + h2.

maximum shear strain increment and Z-direction displace-
ment of the water-resistant pillar increased at great rates, 
and failed to converge to a steady value, which indicates 
that the 3.0 m wide water-resistant pillar was unstable.

Conclusions

A HM-SRM method was proposed to evaluate the stabil-
ity of water-resistant rock pillars. The FOS of the pillar 
was established, and a new criterion for a reasonable pillar 
width in engineering practice was developed.

Water inrush was linked with the non-convergence of 
the mechanical calculations, and the seepage characteristics 
closely correlated with the stress state and plastic failure 
zone in the proposed hydro-mechanical coupling model.

As the SRF increases, the effective width of the water-
resistant pillar narrows and the water-resistant pillar 
becomes more permeable, enhancing the probability of 
water inrush.

In engineering practice, the width of water-resistant 
rock pillar should at least equal the sum of the theoretical 
required width of water-resistant rock (based on a FOS of 
1.5), plus the blast hole depth and the blast-disturbance 
depth.

The “4·16” accident in the Qiyi coal mine occurred 
because the roadway was only 3.0 m from the water-bear-
ing cave. Considering the blast hole depth and the likely 
blast disturbance to the intervening rock, a water-resistant 
pillar at least 11 m wide was needed to safely hold back a 
karst water pressure of nearly 4.0 MPa.
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